Abstract. A global three-dimensional model of the troposphere is used to simulate the sources, abundances, and sinks of mineral aerosol and the species involved in the photochemical oxidant, nitrogen, and sulfur cycles. Although the calculated heterogeneous removal rates on mineral aerosol are highly uncertain, mainly due to poorly known heterogeneous reaction rates, the reaction of SO2 on calcium-rich mineral aerosol is likely to play an important role downwind of arid source regions. This is especially important for regions in Asia, which are important and increasing emitters of sulfur compounds. Our results indicate that the assumption that sulfate aerosol follows an accumulation mode size distribution, is particularly in Asia likely to overestimate the sulfate aerosol climatecooling effect. An even larger fraction of gas phase nitric acid may be associated with and neutralized by mineral aerosol. Interactions of N205, 03, and HO2-radicals with dust are calculated to affect the photochemical oxidant cycle, causing ozone decreases up to 10% in and nearby the dust source areas. Comparison of these results with limited available measurements indicates that the proposed reactions can indeed take place, although due to a lack of measurements a rigorous evaluation is not possible at this time. 
Introduction
Mineral aerosols produced from windblown soils are an important component of the earth-atmosphere system. It is estimated that 1000 to 3000 Tg of such aerosols are emitted annually into the atmosphere [ Furthermore, the emissions of mineral aerosols may be increasing substantially as the arid and semi-arid areas expand due to shifting precipitation patterns and land use changes associated with overgrazing, erosion, land salinization and mining/industrial activities [Sheehy, 1992] . Dust storms have become a distinct feature in many regions around the globe, including east Asia, west Africa, and South America [Schultz, 1979; Prospero et al., 1979] .
The effects of mineral aerosol in the atmosphere remain largely unquantified. It is known that atmospheric aerosols can influence radiative transfer by absorption and scattering of solar and terrestrial radiation, and by changing the optical properties of clouds through modification of the distribution of cloud condensation nuclei (CCN) [Charlson et al., 1992] . Cur- 
Model Description

Global Transport/Chemistry Model
The global three-dimensional transport model Moguntia used in this work has a horizontal resolution of 10 ø x 10 ø and 10 vertical layers of 100 hPa thickness [Zimmermann, 1988] . Transport is described by monthly average winds [0ort, 1983] and eddy diffusion coefficients based on the standard deviations of those winds. In addition to the monthly mean transport, deep cumulus convection is parameterized according to Feichter and Crutzen [1990] . Convective transport, however, is only applied to relatively insoluble trace gases, whereas all aerosol components (including mineral aerosol) were assumed to be effectively scavenged in the cumuli. The model includes background C3-C2-CH4-CO-NOx-HO,, photochemistry, coupled with reduced nitrogen (NHx) and sulfur (DMS, SO2,
SO]-) chemistry. Anthropogenic emissions of SOx and NOx
were taken from GEIA (Global Emissions Inventory Activity) [Benkovitz et al., 1996] . Details of the chemistry calculations, and results of photochemical, sulfur and reduced nitrogen simulations (without dust) have been presented by Langner and Rodhe [1991] , Crutzen [1993, 1994] . In addition to the previously mentioned tracers, in this work sulfate and nitrate associated with dust are explicitly taken into consideration.
Dust Model
Mineral aerosol has been modeled by Wefers [1990] and Wefers and Jaenicke [1990] . As in the Moguntia model no instantaneous winds are calculated, a statistical approach was chosen to describe the dust sources. Desert areal coverage for arid regions in Africa, Asia, Australia, South America, and North America was taken from Pye [1987] . The monthly amount of dust storm days was calculated from Pye [1987] , Schutz [1979] , and Uematsu [1983] . Typically, 1-3 high dust days per month are simulated in the high dust season. In areas for which we did not have detailed information on the seasonal distribution of dust storm days, the yearly number of dust storm days was monthly distributed using the model winds. A complicating factor is that observations of dust storms are reported mostly for populated regions, where land use changes may have affected the dust mobilization [Tegen and Fung, 1995] . Also, the number of observations greatly differs regionally. for which we adopted 1 g m -3. Input data for this scheme originate from measured climatological precipitation fields at the Earth's surface [Jaeger, 1976] . The vertical distribution of precipitation is scaled to the release of latent heat with height [Newell et al., 1974] . To account for the insoluble aerosol fraction in mineral aerosol, the removal by wet deposition was arbitrary assumed to be only half as effective as that for soluble aerosol (e = 0.5).
Further, particles are removed by Stokes gravitational settling. Above roughly 10/•m the settling velocity is so high that most emitted particles are directly deposited near the source. In the surface layer all particles are, in addition to gravitational settling, subject to transport in eddies and impaction and sticking at the surface. A constant value of 0.1 cm s-• was assumed for this process, being valid mostly for submicron particles, which are inefficiently removed by gravitational settling [Duce et al., 1991] .
Aerosol number, surface and mass concentrations were obtained by using Romberg integration of aerosol concentrations •Xn, [Press et al., 1986] . Results of the dust simulations and comparisons with measurements are presented in section 3.1.
Reaction Rates on Dust Particles
Uptake and reaction of gases on aerosol surfaces. The pseudo-first-order-rate coefficient k• Is 1] which describes the net removal rate of gas phase speciesj to an aerosol surface, is given by For sufficiently wetted aerosol this should be a fast process, and probably this reaction is even fast under dry conditions. The situation for SO2-uptake may be more complicated, as the sorption of SO2 is followed by an oxidation reaction of SO2 or associated anions. 
The solubility and thus the reaction of S(IV) with 0 3 is strongly p H dependent, and for pH > 8, in the presence of water, the oxidation of S(IV) is sufficiently fast to make heterogeneous reaction of SO2 on mineral aerosol essentially gas phase diffusion limited. (As indicated before, the reaction of SO2 with H202 is not very important on dust particles, because the reaction rate of (12) 
CaCO 3 + 2 H +--• Ca 2 + + CO 2 q-H20 ( l l)
We use in our calculations an average Ca 2+ content of 5%, which is somewhat larger than the global average crustal Ca content of 3.6% given by Jaenicke [1988] . It should be noted that our description of SO2 removal as dependent on alkalinity and water content is rather similar to the one proposed by Judeikes et al. [1978] . In addition to heterogeneous oxidation of SO2 on mineral aerosol by ozone, in our model SO2 is oxidized in clouds through reaction with ozone (9) and H202:
HS O•-aq q-H202a q--> HS O•-aq q-H20
(12) and in the gas phase by the OH radical:
SO2+ OH(+ O2)--•SO3+ HO2 (13a) 503 q-H2 O---> H2504 (13b)
the latter reaction being fast. We assume that the gas phase H2SO 4 produced by the latter reaction sequence is either forming new particles which are removed by coagulation, or directly condensing on both the preexisting accumulation range (ammoniumbi) sulfate aerosol and mineral aerosol according to 03 reaction probability. To our knowledge, no direct measurements of O3 uptake by dust aerosol exist. Further, the mechanism for O3 destruction is unclear. Reactions with trace metals, such as iron and manganese, and oxidation of organic material by ozone are offered as mechanisms. It should be noted in this respect that dust contains 4 to 10% of iron by mass [Zhang et al., 1993] , and that soil derived dust may contain particulate organic matter and mineral organic complexes in concentrations that depend on the soil type and land use history of the area of origin.
Measurements in Japan indicate that mineral aerosol associated with long range transport (Kosa particles) contain 2 to 3 times more organic carbon, including a variety of nonmethane hydrocarbons including alcohols and organic acids, than nonkosa particles [Ohta, 1991] . There is indirect evidence that O_• uptake on dust aerosols can be of some significance, for example, ozone dry deposition measurements on soils and sand. Aldaz [1969] [1979]. Uptake coefficients of NO 2 ranged from 6.4 x 10 -s, 3.4 x 10 -s, 3 x 10 -s to 1 x 10 -s on sandy loam, cement, F%O3, and sand, respectively. Uptake coefficients are also found to gradually diminish after multiple exposures, but surfaces were found to be reactivated by precipitation [Judeikes and Wren, 1978] . Comparing the uptake coefficients of NO2 on soot with O3 on soot, the latter may be nearly 6 times faster [Smith et al., 1988] . It is unknown whether ozone destruction on dust particles is comparable to destruction of O3 and NO 2 on carbonaceous materials, or if a parameterisation due to reaction with iron is more appropriate.
All in all, the range of measured laboratory uptake coefficients seem to agree with the 3/values derived from the deposition measurements. In our study we used a 3/of 5 x 10 -s, being most consistent with the information presented above. Laboratory uptake experiments of 03 and NO2 on soot and iron aerosols give additional information on the ozone uptake probability for the "organic" and "iron" reaction, respectively. Fendel et al. [1995] determined uptake coefficients on average of 4 x 10 -4 on fresh carbonaceous aerosols, and deduced similar coefficients for iron aerosols. Assuming that reactions with iron mostly determine the destruction of ozone, a typical iron content of about 5% in dust aerosol [Pye, 1987; 1991a, b] would translate to 3' = 2 x 10 -s. Stephens et al. [1986] showed that the uptake coefficients of ozone on carbonaceous surfaces may be initially high but decrease by more than a factor 10 after repeated exposure resulting in an average 3' of 3. Results
Dust Calculations and Comparison With Previous Results
Global dust emissions. The calculated global dust source in the model is 1800 Tg/yr for particles r < 10 •m and 15500 Tg/yr for particles r < 30 •m. A relatively small fraction of the emitted dust is transported out of the source regions, 16% and 3%, for particles smaller than 10 and 30 •m, respectively. It should be noted that the calculated average dust concentrations would be only half the present ones, if the "dust-storm" days were omitted. The calculated emissions are in the range of previous estimates, ranging from 200-5000 Tg/yr [Pye, 1987; Duce, 1995; Andreae, 1995] , although the absolute amount of global dust emissions is strongly dependent on the choice of the maximum dust particle size, which is still considered to be "emitted. the source regions represent the product of average dust concentration and areal coverage of arid regions within the t0 ø x 10 ø gridboxes, while measurements reflect high spatial and temporal variabilities. Measured and modeled dust concentrations on the lee-side of the source regions are easier to compare, and we focus on the aerosol fraction subject to longrange transport (roughly <t0 txm), since the coarse particles are deposited by sedimentation in the direct vicinity of the emissions area.
A comparison of the measured and calculated surface level concentrations, predominantly at background sites, removed from the dust source areas is presented in Figure 5 Nitrate. The annually averaged and FMA averaged ratio of nitrate on dust to total nitrate (=gas phase HNO3 + dust nitrate) are presented in Figures 11a and Figure 11b , respectively. The calculated ratio of dust nitrate to total nitrate is calculated to be almost unity in northern Africa, the Middle East and Asia, indicating that the buffering capacity by mineral dust is sufficient to neutralize the strong acidity by HNO3. The regions where at least 40% of the total nitrate is found on the mineral aerosol covers vast regions of the northern and southern Hemispheres. During the months of FMA the region covers almost all of Asia and extends throughout the the central and northern regions of the Pacific Ocean basin, and the tropical and subtropical Atlantic and Indian Oceans. Only west and central Europe, the eastern portions of North and Central America, and the high latitude (>60 ø ) zones are predicted to have relatively small fractions of HNO3 associated with the mineral aerosol. In addition, regions of strong gradients of nitrate on dust are predicted in the subtropical Atlantic Ocean, and the low-and midlatitude regions of the western Pacific.
A Unfortunately, like for sulfate, there are relatively few measurements of aerosol nitrate available in the regions under consideration, and very few simultaneous measurements of gas phase HNO3 and aerosol nitrate. Analysis of aerosol and gaseous NOy and NOx measurements at Cheju Island, S. Korea, using aerosol dynamics and equilibrium models indicates that 20 to 60% of the nitrate is expected to be in the aerosol phase [Carmichael et al., 1995] . These values are consistent with those presented in Figure 11 .
As shown previously in Figure 2a , Asian aerosol shows a strong correlation between aerosol nitrate and calcium. The few existing size resolved measurements in Korea and Japan [e.g., Horai et al., 1993; Gao et al., 1991; Nishikawa, 1991a, b] show significant amounts of nitrate present in the coarse fraction aerosol (cf, Figure 3 ). In the USA and Israel, Ganor and Pueschel [1988] found many coarse fraction mineral aerosols to be coated with nitrate. Similarly, Wolff [1984] measured on average 67% of aerosol nitrate to be present in the coarse fraction aerosol. Parungo et al. [1995] , found that at RH > 50%, more than 50% of the large particles at Qingdao, China, were coated with nitrates, while less than 20% of the small particles contained nitrate.
The consequence of HNO3 being present on mineral dust, instead of in the gas phase or in accumulation range aerosol, may be significant. For example, HNO3 reacting with mineral aerosol in or close to the dust source regions may be removed faster than gas phase HNO3 due to sedimentation of coarse mode aerosol. On the other hand, HNO 3 associated with the fraction of mineral aerosol subject to long range transport, may substantially enhance the transport distance of nitrate, and thus provide a means for HNO 3 to be transported to remote atmospheric regions, where it can participate in photochemistry after photodissociation of NO•. However, we did not at- Boundary layer ozone is reduced by about 10% by including these reactions in the dust source regions during the high dust season, and up to 8% yearly averaged (Figure 12a and 12b) . 
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and photochemical production of 03 by the reaction of NO with HO 2 is slow. Most of the calculated decrease of 03 (2-6%) is caused by the assumed direct 03 destruction reaction on aerosol. As has been argued before, the destruction rates of 03 on mineral aerosol are extremely uncertain; lower ,/values yield negligible destruction and higher values having some importance. Using the estimated upper limit of ,/(03) of 2 x 10 -4, which is 4 times as high as our "best estimate" for ,/(03), ozone decreases would amount to about 20% in vast regions of North Africa, the Arabian Peninsula, and Middle Asia (Figure 12c) . Destruction of N205 on mineral aerosol could by itself be effective in removing NOx from the atmosphere. However, in our calculations [following Dentener and Crutzen, 1993], we used, in addition to mineral aerosol, an accumulation range "background" sulfate concentration, on which N205 is also removed. As a consequence of the SO 2 reactions on dust, this "background" sulfate decreased, and the role of sulfate in removing N205 was taken over by the dust. The removal of N205 on dust therefore had only a small "additional" effect compared to our reference simulation, which ignored the effects of dust. Isolines are 0.80, 0.82, 0.84, 0.86, 0.88, 0.90, 0.92, 0.94, 0.96, and 0 occurrence. This will be the subject of a future paper.
Summary and Conclusions
In this paper we explored whether mineral aerosol can impact tropospheric chemistry. We explored this issue using a global, three-dimensional model of the troposphere, which coupled mineral dust processes with the photochemical, nitrogen, and sulfur cycles. There is a large body of observational data that supports the idea that mineral aerosols are an important reactive surface. However, very little is known regarding the mechanisms by which mineral aerosols impact these cycles. Mechanisms for the interaction of SO,,, NOy, and 0 3 with mineral surfaces have been postulated, and used to calculate heterogeneous removal rates. These calculations remain highly uncertain, mainly due to the fact that these surfaces have not been widely studied from a reactive surface standpoint, and basic information on sorption and reaction rates are lacking. Especially the most uncertain processes in our study, the direct uptake of ozone on dust particles and the mechanism and rate of uptake of SO 2 on dust, deserve priority in laboratory and field experiments. Removal rates are quite dependant on the deliquenscence properties of dust particles. These properties have been measured by Hiinel [1976] for African dust aerosol, but it is not clear if they can be applied to other regions. The neutralization reaction of SO2 does not appear to be limited by the dust Ca 2+ content. In fact the reaction of SO2 with dust was calculated to be so fast that, compared to the reference simulation without mineral aerosol surfaces, a significantly larger fraction of SO2 was found to react to sulfate instead of being removed by dry deposition. These results suggest that the previous assumption that in East Asia sulfate aerosol follows an accumulation range aerosol size distribution is likely to overestimate the sulfate aerosol climate-cooling effect. On the other hand, these processes may enhance the CCN activity of the mineral aerosol. The nucleation of cloud droplets on mineral particles and subsequent cloud chemistry and oxidation of SO2 has been proposed as an important mechanism by Z. Levin et al. (1995) . This process has not been accounted for in our model, but certainly deserves more attention.
An even larger fraction of gas phase nitric acid may be neutralized by nfineral aerosol, and there is less uncertainty about this process compared to the conversion of SO2 to suifate on dust particles. The parts of the globe where at least Interactions of N205, 03, and HO 2 radicals with dust were also found to affect the photochemical oxidant cycle, with ozone concentrations decreasing by up to 10% in and nearby the dust source areas. Comparison of these results with the limited available measurements indicates that the proposed reactions can indeed take place, although the lack of measurements prevents a rigorous validation.
The direct reaction of ozone on mineral aerosol warrants further study, and could be important at accommodation coefficients exceeding 5 x 10 -5. These effects can be intensified on regional scales during high dust periods, where surface areas of the mineral aerosol can be an order of magnitude higher during dust storm compared to the monthly averaged values calculated by our global model. In addition, tropospheric reactions on dust can be expected to play a larger role during climatic periods of higher dust loadings. For example, during the last glacial maximum (---18,000 years ago), dust levels were up to an order of magnitude higher than those used in this paper [cf, Petit et al., 1981] .
Mineral aerosols thus appear to provide an important reactive surface. Clearly, more research is necessary to further quantify the role of these aerosols in the chemistry of the troposphere.
